Neutrophil serine proteases Proteinase 3 (PR3) and human neutrophil elastase (HNE) are homologous antibiotic serine proteases of the polymorphonuclear neutrophils. Despite sharing a 56% sequence identity they have been shown to have different functions and localizations in the neutrophils. In particular, and in contrast to HNE, PR3 has been detected at the outer leaflet of the plasma membrane and its membrane expression is a risk factor in a number of chronic inflammatory diseases. Although a plethora of studies performed in various cell-based assays have been reported, the mechanism by which PR3, and possibly HNE bind to simple membrane models remains unclear. We used surface plasmon resonance (SPR) experiments to measure and compare the affinity of PR3 and HNE for large unilamellar vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). We also conducted 500-nanosecond long molecular dynamics simulations of each enzyme at the surface of a POPC bilayer to map the interactions between proteins and lipids and rationalize the difference in affinity observed in the SPR experiment. We find that PR3 binds strongly to POPC large unilamellar vesicles (K d = 9.2 × 10 −7 M) thanks to the insertion of three phenylalanines, one tryptophan and one leucine beyond the phosphate groups of the POPC lipids. HNE binds in a significantly weaker manner (K d N 10 −5 M) making mostly electrostatic interactions via lysines and arginines and inserting only one leucine between the hydrophobic lipid tails. Our results support the early reports that PR3, unlike HNE, is able to directly and strongly anchor directly to the neutrophil membrane.
Introduction
Neutrophils are the most abundant type of leukocytes and are key components of the innate immune system, able to mediate both antiinfectious and pro-inflammatory effects [1, 2] . Neutrophil serine proteases (NSP) Proteinase 3 (PR3, EC 3.4.21.76) and human neutrophil elastase (HNE) are homologous antibiotic serine proteases of the polymorphonuclear neutrophils (PMNs) which can be considered as important cellular targets in a number of chronic inflammatory diseases [3] . PR3 and HNE are mainly localized within the azurophilic granules of resting neutrophils and can be exposed at the cell surface when the neutrophils are activated. Despite sharing a 56% sequence identity ( Fig. 1 ) and a high structural similarity (Cf. Fig. 2A ) [4] PR3 and HNE have been shown to have different functions and localizations in the neutrophils. In particular, and in contrast to HNE, PR3 has been detected in secretory vesicles and on the outer leaflet of the plasma membrane [5, 6] . Because of its peculiar localization PR3 has been suggested to play a role in the pathophysiology of various chronic inflammatory diseases involving neutrophils and especially in granulomatosis with polyangeitis, a systemic vasculitis associated with autoantibodies against PR3 [6] [7] [8] [9] [10] .
Witko-Sarsat et al. first reported a specific association of PR3 to the plasma membrane, which they described as stronger "than only an ionic interaction" [11] . On the other hand Campbell et al. argued in favor of a weak charge-dependent mechanism similar for both proteases [12] . In agreement with the work of Witko-Sarsat et al., Goldman et al. showed using spectrophotometry techniques that PR3 and HNE bind with different affinities to reconstituted lipid bilayers [13] . Using bilayers with different ratios of zwitterionic (DMPC 2 ) and anionic (DMPG 3 ) phospholipids, they showed that while PR3 binds to DMPC vesicles with an estimated K d of 85 μM. HNE wasn't observed to bind to pure DMPC vesicles but binds to mixed DMPC:DMPG 1:1 liposomes with a K d of 14.5 μM. The authors also show that PR3 binds best to DMPC:DMPG 1:1 vesicles with a K d of 4.5 μM. Moreover results from differential scanning calorimetry and hydrophobic photolabelling indicate that PR3 inserts amino acids into the hydrophobic region of the lipid vesicles, while HNE does it to a lesser extent. In 2004, Durant et al. used PR3 and HNE cDNA transfected mast cell lines and showed that PR3 was expressed at the cell surface after induced degranulation while HNE was released into the extra-cellular medium. Using molecular dynamics simulations with at first a simple membrane model [14] , we have reported that PR3 inserts aromatic and aliphatic amino acids into the hydrophobic core of the bilayer models, while HNE interacts mostly via electrostatic interactions to the bilayer interface. We further used relatively short MD simulations (50 ns) of PR3 with explicit DMPC bilayers to describe the protein-lipid interactions at the atomic level of detail [15] . We reported an interface-binding site (IBS) composed of a few basic amino acids (R177, R186A, 4 R186B, K187, R222) that ensure proper orientation of PR3 towards the membrane to allow for the insertion of a hydrophobic patch (V163, F165, F166, I217, W218, L223, F224) (Fig. 2B ). Mutations of four hydrophobic (F165, F166, L223, F224) or four basic amino acids (R186A, R186B, K187, R222) significantly affects the membrane expression of PR3 in a cell-based assay, thus validating the role of the predicted IBS for PR3 membrane expression [16] . Taken altogether these studies indicate that despite their high sequence similarity, PR3 and HNE interact with lipid membranes using different types of interactions. This is further supported by the amino acid substitutions in the region of the PR3 IBS (Cf Fig. 2 ) where in particular two of the three phenylalanines, as well as tryptophan W218, are substituted by non-aromatic residues in HNE.
The available data to date has been obtained by different teams using a wide range of approaches and models, from cell-based assays to molecular modeling, but only one study using standard biophysics methods in 1999 [13] .
It is generally acknowledged that the association of peripheral proteins with lipid bilayers is fast while the dissociation is slow meaning that the dissociation rate constant is the main determinant of the binding strength. As a consequence, in simple systems, the affinity for the membrane is mostly accounted for by interactions between the protein interfacial binding site and lipids. Such interactions can be investigated by molecular dynamics (MD) simulations using the protein of interest docked on an all-atom lipid bilayer; this will provide a detailed map of the lipid-protein interactions, and for example the respective contributions of hydrophobic and polar amino acids (see Refs. [17] [18] [19] ). Surface plasmon resonance has been successfully used to study interactions between lipid vesicles and proteins and can be used to obtain accurate values of equilibrium dissociation constants (K d ) [20, 21] . Both SPR and MD methods are thus complementary as they provide information at different levels of resolution.
We here report a combined in vitro and in silico study investigating the affinity of PR3 and HNE for POPC bilayers. We chose POPC vesicles as the thickness of POPC bilayers is more relevant to model the plasma membrane than those of DMPC. The choice of zwitterionic PC headgroups is relevant to the main lipid constituents of the plasma membrane and allows us to focus on short-range interactions with the bilayers, and in particular on the energetic contribution of the insertion of hydrophobic amino acids. We use SPR to characterize the affinity of PR3 and HNE for large unilamellar vesicles (LUVs) and 500-nanosecond long molecular dynamics simulations of the two enzymes at the surface of a pre-equilibrated POPC bilayer to map the interactions between proteins and lipids at the atomic level of detail. The use of SPR allows us to obtain insights, albeit limited, into the kinetics of PR3 and HNE binding to POPC vesicles.
Material and methods

Molecular modeling
Molecular dynamics simulations
We performed MD simulations of both PR3 and HNE inserted in POPC lipid bilayers using the following procedure: (1) equilibration of the lipid bilayer, (2) insertion of the protein in the lipid bilayer and Fig. 1 . Sequence alignment of PR3 and HNE. The two sequences share 56% sequence identity. We use boxes to highlight amino acids of HNE aligning with the predicted PR3 IBS (blue fonts for basic residues and orange for hydrophobic amino acids). Amino acids forming the catalytic triad are labeled with green fonts.
2 DMPC:dimyristoylphosphatidylcholine. 3 DMPG:dimirystoylphosphatdylglycerol. 4 We use the chymotrypsin numbering for both PR3 and HNE. It presents the advantage of providing a consistent numbering for all enzymes of the family but introduces letters in addition to the numbering (e.g. the two consecutive arginines labeled as 186A and 186B).
(3) simulation of the protein-bilayer complex and subsequent analysis of the resulting trajectories (Table 4) .
In this manuscript we consequently use the chymotrypsin numbering for both PR3 and HNE. It presents the advantage of providing a consistent numbering for all enzymes of the family but introduces letters in addition to the numbering (e.g. the two consecutive arginines labeled as 186A and 186B).
2.1.1.1. POPC bilayer. A lipid bilayer made of 256 POPC was built using the CHARMM-GUI [22] [23] [24] . The lipid bilayer was subjected to energy minimization using NAMD [25] and the CHARMM36 force field update for lipids [26] . The system was then equilibrated without surface tension for 300 ps at 310 K using a time step of 2 fs and velocities reassignment every 500 fs, and subsequently run into production for 80 ns. The SHAKE algorithm was applied to constrain bonds between hydrogen and heavy atoms [27] . Non-bonded interactions were truncated using a cutoff of 12 Å, using a force-based switch function for van der Waals and a shift function for electrostatics. For estimating long-range electrostatic forces, the particle-mesh-Ewald (PME) algorithm was used [28, 29] . The Langevin algorithm was used to control temperature (310 K, damping coefficient: 1.0) and pressure (target pressure: 1 atm, oscillation period: 75 fs, oscillation decay time: 25 fs) [30] . The area per lipid and the order parameters were monitored along the simulation to assess the properties of the bilayer. The order parameters S CD were calculated with VMD [31] from the mean value of the angle between each C\H bond of the lipid tails and the normal to the membrane. The profiles are consistent with those in Ref. [26] . The surface area was calculated to be 65. The cartesian coordinates of PR3 were taken from chain A of the X-ray structure referenced 1FUJ [33] in the RSCB Protein Data Bank [34] and those of HNE from the 1PPF structure [35] . PR3 and HNE were then oriented with respect to, and inserted at, the interface of the equilibrated POPC lipid bilayer as described previously for PR3 [15] . Briefly, each of the enzymes was positioned at the surface of a POPC lipid bilayer in the orientation predicted by implicit bilayer simulations for HNE [14] and using earlier all-atom simulations with a DMPC bilayer for PR3
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Structural alignment of PR3 (gray) and HNE (green). The protein secondary structure elements are represented using cartoons while each amino acid forming the PR3 IBS, as well as the amino acids of the HNE sequence aligning with the PR3 IBS (Cf. Fig. 1 ), are represented using balls (blue and orange for basic and hydrophobic amino acids, respectively, green for others). The nature of these amino acids in PR3 and HNE is shown on panels (B) and (C), respectively. [15] . PR3 was then translated 2 Å above its initial position to account for the difference in width between POPC and DMPC bilayers. Six lipids overlapping with the proteins were removed, in both the cases of PR3 and HNE and as reported earlier for phosphatidylinositol specific phospholipase C [36] . The starting conformation for HNE is shown on Fig. 3A , the starting conformation of PR3 is not represented but displays a depth of anchorage similar to that of HNE. [31] . Two and eleven chloride ions were added by replacing random water molecules to neutralize the system for PR3 and HNE, respectively. The system was subsequently equilibrated using NAMD [25] and the CHARMM force field (c22 with CMAP corrections [39] ) with two short runs of 400 ps in NVT ensemble, with velocities reassigned every 50 fs and 500 fs, and then further equilibrated for 2 ns. The integration of the equations of motion was done using a Multiple Time
Step algorithm [40] ; bonded interactions and short-range nonbonded forces were evaluated in every step and long range electrostatics every second step. The system was then run into production for 500 ns in the NPT ensemble. Pressure and temperature control, as well as the cutoff scheme and treatment of long-range electrostatic interactions are the same as for the equilibration of the bilayer.
2.1.1.4. Analysis. Based on the evolution of the root mean square deviation (RMSD) between the trajectory conformations and the conformation of the enzymes before the MD simulations (Cf. supplementary data, Fig. S1 ), we decided to use the trajectories between 200 and 500 ns as sampling windows. All analyses are thus performed on the last 300 ns of the simulations. The occupancies of hydrogen bonds were calculated with the CHARMM program [37] using a 2.4 Å cutoff distance between hydrogen and acceptor and a 130°donor-hydrogen-acceptor angle criterion. The donor and acceptor definition are taken from the CHARMM force field [38] . Hydrophobic contacts were defined using a 3 Å cutoff distance between aliphatic groups of the lipids and of the enzymes (Charmm atom types ca; cb; cg1; cg2; cg2; ha*; hb*; hg; hg2*; type cg except for hsd, hse, asn, asp; type hg1 except for cys, thr, ser; type cd except for arg, gln, glu; type cd1; type cd2 except for hsd, hse; type ce1, ce2, cz and associated hydrogens of phe, tyr, type cd1, cd2, ce2, ce3, cz2, cz3 and associated hydrogen of trp, type cay and type hy*). Cation-π interactions between aromatic rings (phenylalanine, tyrosine and tryptophan) are considered to exist when all distances between the heavy atoms of the aromatic ring and choline nitrogen are below 7 Å and when these distances do not differ by more than 1.5 Å [41, 42] .
We evaluated the depth of anchorage of the proteins as described in Grauffel et al. [36] . Briefly we used the mean z coordinate of the phosphorus atoms as a reference plane. The center of mass of each residue was calculated and its difference to the reference plane was calculated. The corman module of the Charmm program was used for coordinate statistics. Values reported are means of the distances of the last 300 ns of simulations. Averaged electron density profiles (EDP) were calculated using the VMD Density Profile plugin [43] , at 0.5 Å resolution using a structure per nanosecond (on sampling window). Residue profiles were normalized with respect to the peak of the phosphate profile. 
Energetic contributions to membrane binding using IMM1
We used the IMM1 membrane model [44] , as implemented in Charmm [37] (v38) to evaluate the binding energy of PR3 and HNE to a zwitterionic membrane as a function of their distance to the membrane. IMM1 is based on the EEF1 model for water-soluble proteins, which uses a linear distance-dependent dielectric constant, neutralizes the ionic side chains, and adds a Gaussian solvent exclusion term to the CHARMM 19 energy function [45] . In IMM1 the membrane is represented as a hydrophobic slab. The solvation parameters change smoothly from aqueous values outside the membrane to values corresponding to a nonpolar solvent inside the membrane. Briefly, the effective energy of the protein is given by:
where E intra is the intramolecular energy of the protein given by the CHARMM 19 and ΔG solv its solvation free energy calculated as described in Ref. [44] . We calculated W IMM1 of the protein anchored at the membrane [14] and then every angstrom along an axis parallel to the membrane normal, up to a distance of 15 Å above the membrane plane; the distance is defined by the shortest distance between protein and membrane surface. The starting geometries are chosen as the bound structures from earlier IMM1 simulations [14] and are kept rigid during the procedure. The binding energy of PR3 (and HNE) to membranes could thus be calculated as the difference between the effective energy with the membrane model IMM1 and the effective energy in water (EEF1.1), which was also calculated:
The total binding energy ΔW IMM1 of each of the proteins can be decomposed into terms that represent the contribution of each type of atom to the change in solvation energy plus the electrostatic term:
ΔE elec is the change in the intra-molecular coulombic term when transferring the protein from water to the membrane. Since the same structure is used to calculate W IMM1 (water) and W IMM1 (membrane) the bonded terms and the van der Waals contribution cancel out. The next two terms represent the contribution to ΔΔG solv (Eq. (3)); ΔW hydrophobic is the contribution from the aromatic groups (atoms of type CR* in Charmm19) and the aliphatic groups (CH* atom types in Charmm 19) and ΔW polar is the contribution from the polar groups. R17 R17 R17 R1 R17 7 17 7 77 7 7 7 7 7 R R14 14 14 14 46 6 6 6 6 6 R18 R18 R18 R18 R18 18 R R18 8 R18 1 6 6 6 6 6 6 L16 L1 1 L L 6 6 6 6 S16 S16 16 S16 16 
Sample preparation 2.2.1. Proteins
PR3 and HNE were purchased from Athens Research & Technology and fatty acid free bovine serum albumine (BSA) from Sigma. According to the manufacturer, the purity of PR3 and HNE is higher than 95%. We assessed it using SDS-page and also have assessed the enzyme activity of the enzymes in kinetic assays.
Liposomes
The lipids (POPC) were purchased from Avanti Polar Lipids. Liposomes were prepared as reported in [46] . Lipids solvated in chloroform were added in glass tubes in the prerequisite amount. Lipids were handled and kept out of light and reactive atmosphere as much as possible by operation in hoods, flushing reagent bottles with dry N 2 , and using glass containers wrapped in aluminum foil. The chloroform solutions were dried under dry N 2 pressure. Traces of chloroform were removed by subjecting the samples to vacuum for at least 2 h. Lipid cakes were rehydrated with HBS-N buffer (HBS-N: 0.100 mM HEPES, 150 mM NaCl, pH 7.4) and vortexed vigorously until all films were suspended as slurry. For liposome-preparation, solutions were subjected to seven freeze-thaw cycles using liquid N 2 and a water bath. The hydrated multilamellar structures were then extruded at room temperature and well above the lipid T m using a Mini-Extruder (Avanti Polar Lipids) assembled using two Millipore filters of 100 nm pore size. Samples were forced through the filters 10 times using Hamilton syringes and the resulting solutions were transferred to clean, foil wrapped glass tubes and stored at 4°C. Final liposome composition was 100% POPC and the total lipid concentration was 2.5 mM.
Surface plasmon resonance
The SPR analyses were carried out on a BIAcore T200 (BIAcore, GE Healthcare) and Biacore T200 Control Software. All experiments were carried at 25°C. Protein and lipid interactions were monitored using a L1 sensor chip. A preparation procedure was performed before each experiment. The surface of the L1 sensor chip was first cleaned with a 1 min injection of 40 mM octylglucoside at a flow rate of 10 μL/min. Liposome solutions were diluted to 1 mM concentration with running buffer and injected at a flow rate of 1 μL/min for 10 min until maximum binding was reached. Liposome maximum deposition was about 8500 response units (RU) for POPC. The surface of the L1 chip was then washed with a solution of 10 mM NaOH for 1 min at a flow rate of 10 μL/min. The completeness of the chip coverage was assessed by injection of bovine serum albumin (BSA) at 0.1 mg/mL and at a rate of 10 μL/min for 60 s. Generally this injection did not perturb the lipid-covered chip by more than 43 RU, and it rapidly fell back to its original value when injection of BSA stopped. Binding assays were then performed on the validated chips. The two proteins (PR3 and HNE) were diluted to sets of at least 5 different concentrations ranging from 0.125 μM to 3 μM (0.125, 0.5, 1, 2, 3) for PR3 (two additional concentrations for HNE, 6 and 9 μM), and were injected over the immobilized liposomes at a flow rate of 5 μL/min for 120 s and 180 s (for HNE and PR3 respectively) until equilibrium was reached. The dissociation phase was measured for at least 420 s after the addition of the sample. At the end of the binding assay, the surface of the sensor chip was regenerated with a solution of octylglucoside 40 mM for 30 s at a flow rate of 30 μL/min. No reference channel was used due to nonspecific binding of PR3 on the chip [47] . Instead we focused on achieving maximal coverage of the chip with liposomes and in this way ensure that the resulting SPR signal was completely dominated by the protein interacting with the lipid membrane [48] . The SPR data were analyzed with the Biacore T200 Evaluation Software. Binding affinities were calculated using the steady state affinity model (Langmuir model) and maximal resonance unit (RU) was plotted against concentration. Additional experiments were performed at increasing salt concentrations to evaluate its effect on the binding of PR3 and HNE. We measured the binding responses of PR3 and HNE (0.5 μM) with [NaCl] = 150 mM, [NaCl] = 300 mM and [NaCl] = 700 mM.
Results
Molecular modeling
3.1.1. Molecular dynamics simulation with an explicit bilayer model PR3 and HNE were positioned at the interfacial region of POPC lipid bilayers as described in the Material and methods section and illustrated on Fig. 3A . Each system was simulated for 500 ns and analyzed in order to characterize the interactions between the enzyme interfacial binding sites and the lipids. We report in Tables 1 and 2 the occupancy of significant hydrogen bonds along the sampling window (occupancy above 20%), as well as the average number of hydrophobic contacts for the amino acids that achieve on average more than one contact per frame of the trajectory. On Fig. 3 we show a snapshot of the simulations of PR3 (Fig. 3B) and HNE (Fig. 3C). 3.1.1.1. PR3. The simulation indicates that the structure of PR3 is not affected by the presence of the membrane; the average RMSD between the conformations in the trajectory is 1.54 ± 0.19 Å on the sampling window (Cf Fig. S1 , Supplementary Data). PR3 remains at a stable depth of anchorage at the bilayer interface; we calculate a distance of 19.7 ± 1.6 Å between the center of mass of PR3 and the average plane of the phosphorus atoms (Cf. Supplementary Data, Fig. S2 ). Interactions between PR3 and the POPC bilayer are mediated almost exclusively by amino acids located on three different loops: β8-β9 (amino acids 163 to 180), β9-β10 (184-197), β11-β12 (215-225). The positions of PR3 amino acids with respect to the average plane of the phosphorus atoms gives an indication of their depth of anchorage in the lipid bilayer. Two loops are anchored significantly beyond the phosphorus atoms; loop β11-β12 appears to be the one that has the deepest anchorage. The β8-β9 loop with F165 and F166 is also anchored beyond the plane of the phosphorus atoms. Yet the average depths of anchorage measured are not characteristic of deep anchoring, and suggest a positioning of the loops at the interface. The β9-β10 loop carries most of the basic cluster identified in our early implicit membrane simulations [14] and is positioned slightly above the two other ones.
Most of the hydrogen bonds we observe involve the phosphate groups of POPC lipids. A low number of hydrogen bonds with occupancies below 20% involve glycerol groups, only Arg186B 5 (58.7%) and Arg222 (49.0%) have occupancies of hydrogen bonds with glycerol above 20% indicating that they are buried somewhat deeper in the interface than the other basic amino acids. The strongest hydrogen bonds involve basic amino acids (R177, R186A, R186B and K187) and have occupancies above 80%. Remarkably Lys187 is involved in hydrogen bonds through its side chain (74.5%) and backbone (90.4%). We have earlier predicted, using simulations with an implicit membrane model and mutagenesis experiments [16] , that R186A, R186B, K187 and R222 play a major role in PR3 interaction with cell membranes. In particular mutating these four amino acids into four alanines would abrogate PR3 membrane expression in Rat Basophil Leukemia (RBL) cells. Our results confirm the importance of this cluster of basic amino acids constituted of four arginines (R177, R186A, R186B, R222) and one lysine (K187). Besides these, lysine 99 (K99) reported to be important for ligand binding [49, 50] mediates hydrogen bonds with the lipids. It is also the case of F166 and W218 although they mediate interactions via their backbone atoms while their side chains are heavily involved in hydrophobic contacts with the lipid tails.
We calculated the average number of hydrophobic contacts per frame along the sampling window (Cf. Table 1 ). Several amino acids of the predicted interfacial binding site display hydrophobic contacts with the POPC lipid bilayer. As expected these are aromatic (F165, F166, W218, F224) and hydrophobic amino acids (V163, T221, L223 and P225). Among these, V163, F166, L223 have particularly high average number of contacts (2.3, 2.5 and 5.8, respectively). Yet their anchorage is not very deep within the hydrophobic tails but rather at the lowest level of the interfacial region. Indeed the density profiles (Fig. 4A) show expected values for F165, F166 and L223 at 15.7, 15.2 and 15.2 Å, respectively. These are between the expected values for the phosphates (z = 18.2 Å) and the carbonyl groups (z = 13.7 Å). The positioning of the phenylalanine is comparable to previously reported anchorage of phenylalanines of Osh4 [18] . Simultaneous mutations of the four amino acids F165, F166, L223 and F224 did impair membrane expression of PR3 on RBL cells [16] . Interestingly the basic cluster involved in strong hydrogen bonding (R177, R186A, R186B, K187) is also involved in hydrophobic contacts with the lipid tails. In agreement with its involvement in hydrogen bonds with POPC glycerol groups, R186A is the basic amino acid with the higher number of hydrophobic contacts. The aromatic residues F165, F166, W218 and F224 are actually embedded in the bilayer.
While we observed strong cation-pi interactions between W218 and DMPC lipids in our previous work, the occupancy of this interaction is of only 5.7% in the present simulation, which we do not consider as being significant.
HNE.
Using an implicit membrane model, we previously predicted that HNE would bind to cell membranes using the same interfacial binding site as PR3 [14] . We therefore inserted HNE in the POPC bilayer similarly to Proteinase 3; using the same orientation and the same depth of anchoring. With the implicit membrane model, we also observed a higher electrostatic contribution than in the case of PR3 and fewer contributions from hydrophobic amino acids.
The structure of HNE is unaffected by the POPC bilayer (RMSD 1.26 ± 0.17 Å) and as PR3, it remains stably anchored at the bilayer interface (Cf. Supp Mat, Fig. S2 ) although a visual inspection of the trajectories indicate that the orientation of HNE with respect to the membrane plane varies more than that of PR3. Most of the interactions with POPC lipids are achieved by amino acids carried by the same three loops as in PR3 (β8-β9, β9-β10, β11-β12) (Cf Table 2 ) plus an additional interaction through R146 (loop β7-β8). In fact basic residues located on the loops β7-β8, β8-β9 and β9-β10 seem to alternate as anchors with the protein tilting around an axis perpendicular to the bilayer along the simulation. This is well illustrated by the variation along time of the depth of anchoring of amino acids R146 (β7-β8), R177, R178 (β8-β9) and R186 of loop β9-β10 (Cf Fig. S3 in Supplementary data). The proline and valine numbered 96 and 97, respectively (P96, V97, on loop β5-β6), are involved in interactions with the lipid tails as illustrated by their number of hydrophobic contacts (1.0 and 2.6, respectively. Cf Table 2 ). V97 is only two amino acids away from L99, which interestingly is not observed to interact with the lipids. Its equivalent in PR3 is a lysine (K99) and is observed to interact with the lipid heads via hydrogen bonds.
Hydrogen bonds between HNE and the lipids are mediated by more amino acids than in the case of PR3 (12 against 8) but only one out of the twelve, R178, has an occupancy above 80%. R177 and R178 are the arginines that on average are the most deeply inserted into the interface during the simulation (Cf Table 2 and Fig. S3 in supplementary data) . Of the basic amino acids involved in hydrogen bonds with lipids, only R177 is also involved in the PR3 IBS (Cf. Fig. 1 and Table 1 ). Yet HNE achieves a high number of hydrogen bonds with lipids when positioned on the bilayer surface, using other arginines not conserved in PR3 (R146, R178, R186, R217). Only five amino acids mediate an average number of hydrophobic contacts above or equal to 1.0 (V97, P96, L166, R177 and L223). This is strikingly less than in PR3 for which 12 amino acids had a higher number of hydrophobic contacts than this threshold. The two leucines mediate the highest number of contacts and L223 is the only residue anchored beyond the phosphate plane (Cf Table 2 ). The electron density profile of L223 shows an anchorage comparable to that observed for PR3 (CF. Fig. 4B ), between the carbonyl and phosphate groups, with an expected anchorage value of z = 14.2 Å. Carbonyl and phosphate groups have expected values of 13.2 Å and 17.7 Å, respectively. Amino acid K99 of PR3 forms hydrogen bonds with POPC lipids (Cf previous paragraph), while it is not the case of its equivalent in HNE (L99) which cannot form hydrogen bonds; instead two other amino acids of the same loop (β5-β6, P96 and V97) mediate hydrophobic contacts with the lipids.
All together the simulation results indicate that HNE interacts with the bilayer using mostly hydrogen bonds and very few hydrophobic anchors, suggesting a looser binding to lipid membranes than PR3.
Energetic contribution of hydrophobic amino acids to membrane binding
Using an implicit membrane model, we could estimate the contribution of hydrophobic amino acids to the binding energy of PR3 and HNE. These contributions, as well as the total binding energy are plotted on Fig. 5 for distances between the membrane and the proteins ranging from the protein being anchored to a distance of 15 Å between the protein and the membrane surface. Both PR3 (Fig. 5A) and HNE (Fig. 5B) show comparable unfavorable contributions (ca. 5 kcal/mol) from the sum of their polar amino acids and the intra-molecular electrostatics term (Cf Material and methods section). The contribution from aliphatic and aromatic residues, on the other hand, is significantly larger for PR3 (−9 kcal/mol) than for HNE (at most −4 kcal/mol) when the proteins are anchored. This results in an overall favorable binding of PR3 with an optimum energy of ca. −4.5 kcal/mol and a slightly unfavorable binding energy for HNE. The resolution of the model we used and the fact that we used a rigid protein do not allow us to obtain accurate evaluation of the total binding energy and in particular of the short-range interactions that are dependent on atomic level of description. The HNE binding energy could still be slightly favorable albeit far from being as favorable as the one from PR3. Overall these values indicate that the affinity of PR3 for zwitterionic membranes is strongly dominated by its hydrophobic amino acids.
Surface plasmon resonance
To experimentally verify the hypotheses resulting from the MD simulations, we conducted SPR assays to compare the affinity of PR3 and HNE for large unilamellar vesicles (LUVs) constituted of POPC lipids (Table 3) .
Liposome immobilization
Liposomes were immobilized on the surface of the L1 sensor chip at a low flow rate (1 μL · min
) until the maximal amount of deposition was reached. Liposome immobilization levels were monitored over time and the mean immobilization level for POPC LUVs was 8669 ± 95 RU calculated on four different experiments (Cf. Table 1 ). To avoid non-specific binding of proteins to the surface of the L1 chips, special care was taken to cover the chip surface at the highest possible levels of liposomes. The level of the coverage sensor chip was assessed with BSA injections (0.1 mg · mL 100 RU or less indicate a sufficient coverage [51] . In our case, BSA binding amounts to 43 ± 2 RUs and allowed us to pursue experiments further with POPC.
Binding of PR3 to POPC LUVs
We investigated the interaction of PR3 with neutral liposomes made of POPC using SPR. Liposomes were immobilized on the surface of the L1 sensor chip as described above. Binding assays were performed by injecting protein samples at increasing concentrations and affinity calculations were carried out by steady state analysis. We monitored the association phase for 180 s and the dissociation phase for 420 s. The sensorgrams (Fig. 6) show that the protein response is concentration dependent and is reaching equilibrium towards the end of each injection. The calculated K d between PR3 and POPC is 9.22 ×10 −7 M.
During the dissociation phase, we also observed that the response signal of PR3 does not return to zero and thus demonstrates a persistent binding of PR3 to the liposomes.
Binding of HNE to POPC LUVs
The binding of HNE towards POPC was monitored using the same procedure as for PR3, but using a higher maximum concentration (9 μM). The association of the protein to the LUVs was monitored for 120 s (shorter than for PR3) and the dissociation for 420 s. The sensorgrams are presented on Fig. 6B and show that HNE can bind to liposomes made of POPC in a concentration-dependent manner which indicates a direct binding of the protein to the liposomes. During the dissociation phase, the signal drops immediately and returns to the baseline value. This is in contrast to the behavior of PR3. The kinetics of the protein-membrane interaction seems to be different for the two proteins. For the K d calculation, the data collected for HNE clearly show that equilibrium was not reached even at an enzyme concentration of 9 μM. It was therefore not possible to calculate the affinity accurately but we can evaluate a lower limit for the K d value of 1 × 10 −5 M.
Effect of salt on HNE and PR3 binding to POPC LUVs
Comparison of binding responses of PR3 and HNE at different salt concentrations (Fig. 7) shows that, at 300 mM NaCl concentration in the running buffer, the PR3 response is less altered than that of HNE as it maintains a rather high binding response. HNE response, however, is considerably lowered compared to the one at [NaCl] = 150 mM. In addition, HNE seems to partially dissociate before the end of the 120 s of injection, indicating a rather unstable binding and difficulties maintain the protein on the lipid vesicles. At 700 mM of NaCl, about a third of the PR3 response is maintained, whereas the binding of HNE is practically abolished.
Discussion and conclusion
The SPR experiments yield a K d in the low micromolar range (9.22 ± 0. 4 Although the use of a low flow rate for the injection of protein on the SPR chip prevents us from determining accurate rate constants, the SPR sensorgrams show significantly different dissociation rates for PR3 and HNE, indicating that both enzymes are bound differently to the lipid bilayer with PR3 binding being perpetuated after the flow is interrupted, while HNE transfers back to the bulk almost immediately. Generally, long-range non-specific interactions (typically electrostatics) accelerate the association of peripheral membrane proteins and short range interactions (typically van der Waals) slow the dissociation [52] . While our SPR sensorgrams show no visible differences in the association phase, they show a slower dissociation for PR3, which would therefore imply that short-range interactions are fewer or weaker in HNE. The difference between PR3 and HNE in terms of short-range van der Waals interactions is clearly characterized by our MD simulations. The IBS for HNE and PR3 are different (Tables 1 and 2 , Fig. 3 ) leading to a higher average number of hydrophobic contacts per simulation frame between the lipids and PR3 (27.1) than between the lipids and HNE (16.9). On the other hand, and although both HNE and PR3 have about the same number of basic amino acids at their IBS, HNE achieves a higher number of hydrogen bonds with the lipid phosphates. Particularly relevant to the difference in dissociation rates is the fact that PR3 inserts a higher number of aromatic amino acids (F165, F166, W218, F224 in PR3 vs. F192 in HNE) below the plane of the phosphorus atoms. This may also explain the higher shift in the membrane transition temperature observed for PR3 vs HNE by differential scanning calorimetry in the study from Goldman et al. According to the Wimley-White interfacial hydrophobicity scale, based on the transfer free energy of pentapeptides (AcWL-X-LL) from water to a POPC bilayer [53, 54] , aromatic residues have the most favorable partitioning energies, while charged amino acids have large unfavourable energies. Other amino acids make relatively small contributions. The difference in the number of aromatic residues inserted by both enzymes in the bilayer thus explains the difference in membrane affinity for PR3 and HNE. Anchorage of hydrophobic aromatic residues for anchoring into lipid bilayers has been reported for other amphitropic proteins or peptides [18, 55] . The SPR sensorgrams and the difference in the number of hydrophobic and aromatic amino acids anchored in the hydrophobic region of the bilayer between both enzymes is thus consistent with a specific association of PR3 to the plasma membrane, "stronger than only an ionic interaction" [11] with insertion of hydrophobic amino acids [14] while HNE has a more shallow interaction based on hydrogen bonds and short-range electrostatic interactions with LUVs. A qualitative interpretation of SPR measurements using different concentrations of salt (NaCl) shows key differences in the way the binding responses of PR3 and HNE are affected. Whereas PR3 displays a slowly decreasing binding at increasing concentrations of salt, HNE is rapidly and dramatically affected to become nearly abrogated at high salt concentration.
As PR3 is known to bind to the exoplasmic side of the neutrophils plasma membrane, the choice of POPC for the lipid vesicles was motivated by their thickness, closer to plasma membranes than DMPC lipids. Moreover the PC headgroups are relevant with lipid components of the plasma membrane [56] [57] [58] . Conveniently the use of vesicles constituted of zwitterionic lipids only allows us to distinguish between the effect of long-range electrostatics and short-range amino acid-lipid interactions. Our results show that PR3 is able to bind to pure PC vesicles, indicating that it could bind to PC domains at the plasma membrane. We expect that adding a fraction of anionic lipids in the bilayer would improve the electrostatic interaction between the lipids and the enzyme in a roughly comparable manner, with a slight advantage for HNE. Yet, and because of its ability to insert 5 hydrophobic amino acids into the lipid bilayer against one for HNE, we would expect PR3 to still be a stronger membrane binder than HNE on membranes containing a fraction of anionic lipids. Studies using vesicles with some anionic lipid content will need to be used to investigate this aspect.
A number of proteins have been shown to be co-localized or coimmunoprecipitate with membrane-expressed PR3 and have been proposed as partners of PR3 at the neutrophil membrane (reviewed in refs [9, 59] ): CD177 (NB1) [59, 60] , Fcgamma receptor FcγRIIIb and p22 phox subunit of cytochrome b558 [61] , β2 integrin adhesion molecule CD11b/CD18 [62] , Protease Activated Receptor 2 (PAR2) [63, 64] , CD177 [65] , Phospholipid Scramblase 1 [66] and calreticulin [67] . Yet, to our knowledge, there exist little evidence of a physical interaction between membrane-bound PR3 and the identified partners, except for calreticulin for which a nanomolar affinity has has been reported using SPR experiments. Direct interaction of PR3 with the membrane phospholipids and interaction with protein partners are not mutually exclusive if we consider the formation of a protein complex. Interactions of membrane-bound PR3 with proteins, possibly transmembrane receptors, are indeed necessary for the function of PR3 and would stabilize its interactions with the membrane. To summarize, using long molecular dynamics simulations of PR3 at the surface of POPC bilayers and SPR experiments following the binding of PR3 to POPC LUVS, we have demonstrated that PR3 can bind directly to POPC lipid bilayers by inserting one aliphatic and four aromatic amino acids into the hydrophobic core of the bilayer. Our results thus indicate that PR3 is able to mediate direct interactions with the exoplasmic leaflet of the neutrophil membrane, which is mostly constituted of PC lipids. HNE interacts with the same LUVs in a shallower manner dominated by short-range electrostatic interactions. The difference in affinity between the two proteins can be explained by the difference in the nature of their IBS, namely the number of hydrophobic aromatic amino acids present.
